Abstract: This original paper deals with a new approach for the study of behavior in nonlinear regime of a new three-phase high voltage power supply for magnetrons, used for the microwave generators in industrial applications. The design of this system is composed of a new three-phase leakage flux transformer supplying by phase a cell, composed of a capacitor and a diode, which multiplies the voltage and stabilizes the current. Each cell. in turn, supplies a single magnetron. An equivalent model of this transformer is developed taking into account the saturation phenomenon and the stabilization process of each magnetron. Each inductance of the model is characterized by a non linear relation between flux and current. This model was tested by EMTP software near the nominal state. The theoretical results were compared to experimental measurements with a good agreement. Relative to the current device, the new systemprovides gains of size, volume, cost of implementation and maintenance which make it more economical.
Introduction
shows the scheme of the new three-phase HV power supply for N magnetron, used as a microwave energy source (treated case: N = 1 magnetron per phase). A new threephase magnetic leakage transformer, not yet so far modeled or manufactured, is the basic element of this new power supply. The new transformer supplies by phase a voltage doubler and a current stabilizer cell. This special transformer with shunts ensures the anodic current stabilization in each magnetron by saturation of its magnetic circuit. The characteristics of the magnetron [1] [2] [3] [4] [5] [6] [7] as well that these limit values impose a proper design of its power supply. Unlike the conventional transformer, the leakage flux in the shunt is of the same order as both the primary and secondary fluxes. Thus, the theory of classical transformers does not apply in the case of the transformer with shunts. On the other hand, the design and optimization of such devices can be facilitated using simulation tools taking into account the geometry and the non linear magnetic properties of materials.
In this article, we introduce an equivalent circuit of the new transformer that meets these conditions. Integrated into an overall scheme of the new HV power supply for a single magnetron by phase, it is adapted to the modeling of the assembly by a numerical calculation of transient electrical circuits EMTP (Electro Magnetic Transients Program). Experimental measurements, obtained for a single-phase transformer with shunts, used to validate the simulated results of this model.
The paper is organized as follows: firstly, the mathematical equations characterizing this new special transformer are described in order to drive a new equivalent model. Secondly, an implementation of obtained model using EMTP software was presented. The obtained results were compared with those already found in feasibility study already done [8-12-13-18] , and experimental measurements for the classical power supply for a single magnetron [1] [2] [3] [4] [5] [6] [7] .
The modeling principle
The new transformer cannot be separated from the external circuits, including each of the three magnetrons, because the equivalent diagram must reflects the behavior of the whole. It is therefore necessary to find a formulation that will allow the simultaneous resolution of the electric and magnetic equations of the entire system. Too complex to be solvedanalytically, the solution can be only numerical using suitable software. In addition, the choice of materials and dimensions of the new transformer should be possible, with a view to a possible optimization. A simple model of representation is not sufficient, because its parameters must be able to be extracted directly. To account for the stabilizing effect of the new power supply of magnetrons, it is necessary to consider the nonlinearities of the system. As well, the EMTP software accepts the data relating to the nonlinear saturable inductances and the global model used operates this facility. Taking all these considerations into account, the development equations cannot be that particular to adapt to the constraints of the used EMTP code and the link of the equivalent circuit with the construction parameters.
Theoretical study of the new three-phase transformer with shunts
In the proposed study, the new three-phase transformer is considered without iron losses (hysteresis and Foucault currents). The leakages that exist are only channeled in the shunts. The leakage of air dispersion is negligible. Only the saturation phenomenon is taken into consideration.
Description
The magnetic circuit of the new three-phase transformer is of the type tetrahedron (Fig. 1) . Each phase has three columns, a central core receives the windings and the others at the ends are used to close the magnetic circuit. To realize a magnetic circuit of the type tetrahedron, three identical magnetic circuits of the single-phase transformer with shunts can be used. The magnetic circuits being separated, the magnetic fluxes in the three circuits are independent. Although there is independence of fluxes, a three-phase secondary system is obtained. Figure 2 shows the structure of the new three-phase transformer with shunts, not yet modeled or manufactured, that will be used in the HV power supplies for N magnetrons per phase (treated case: N = 1 magnetron per phase). The magnetic shunts are used to deflect an important part of the flux circulating between the primary and secondary winding. Taking into account the dimensions of residual gaps and the saturation state of materials, the magnetic fluxes in the air can be considered negligible compared to the fluxes through the shunts.
The three primary windings constitute a balanced three-phase load given that these three windings are the same. This means that the effective values of the three voltages are equal and the three voltages are shifted relative to it 120 degrees.
Concept of calculation
The primary quantities are shown by r 1i , n 1 , 
The electric equations
The governing electric equations of the transformer operation are obtained by application of the Ohm generalized law in primary and secondary winding of each phase.
For the phase 1: 
The magnetic equations
To have the equations relating to the magnetic circuit of this transformer, we apply the formula of magnetic circuits to the various contours of Figure 2 
The following equation is obtained:
. 
New transformer equivalent model circuit
To study the operation of the new transformer model using the EMTP code, it is convenient to bring its equivalent three-phase circuit to the secondary. To do this, each phase equivalent scheme will be treated: Phase 1.
Multiplying by n 2 /n 1 and putting the quantity n 2 N 11 in the form 
By expressing the quantity n 2 N 21 the Equation (2.1) also becomes:
{ } By perfectly similar calculations, the equation system which responds to the equivalent diagram of the phase 2 and 3 permits to find the models indicated in Figures 4 and 5 . The model elements including the inductances are not the same.
It is possible to decompose R shi (i = phase 1, 2, 3) to highlight the constant overall reluctance e shi R of air gaps between shunts and cores, in parallel with f shi R relative to correspond largest part of the path in each phase entirely ferromagnetic environments. hence the equivalent diagram seen from the secondary of the new transformer which will be used in power supplies for magnetrons. 
Validation of the model of the new power supply
The advantage of this new model is part of its equivalent circuit which seems more convenient to study the operation of the new transformer using the EMTP code. The immediate interest of this model is to be able to assign to each inductance a non linear relation between the flux and the current in the form n 2 N(i), from the geometrical parameters of the new transformer magnetic circuit.
To translate the variation law of total flux n 2 N(i) in terms of i of each inductance, the magnetization curve B(H) of the material can be used, using the relations: N = B.S and i = l*H/n 2 . The model of the new transformer is integrated in the new HV power supply circuit from the source to the magnetrons. Each tube microwave is represented by an equivalent diagram deduced from its electrical characteristics which is formally similar to that of a diode with dynamic resistance R = 350 Ohms and threshold voltage E ≈ 3800 Volts.
Exploiting the EMTP code, the electric behavior of the HV circuit of the new three-phase power supply with single magnetron per phase is simulated (Fig. 8) . The waveforms obtained from this simulation are shown in Figure 10 .
This figure shows that in nominal operation (U 11 = U 12 = U 13 = 220 V and f = 50 Hz) the results of simulation by EMTP of the new device, in non linear regime, confirm the results obtained during a feasibility study already done. The relative differences will never exceed 6%. Taking into account the accuracy of the various data and of the permissible tolerances acceptable on the operation of the magnetron, the modeling was deemed satisfactory.
Encouraged by the successful results, a new structure of the magnetic circuit has been undertaken. In the core of common return of the three circuits (the primary side (also secondary)), the total flux then is considered zero. Therefore, the core returning in the two primary and secondary sides has no interest (Fig. 9) . The new power supply will be considered therefore a different version of the single-phase model currently manufactures among the manufacturers of domestic or industrial microwave ovens. 
Verification of the regulating process of a magnetron current
During the simulation of the model using the EMTP code, we managed to observe the stability of the magnetron current variations with respect to the mains voltage. Figures 11 and 12 show the waveform of the current magnetron in the respective cases 200 V and 240 V (±10% of the rated voltage). We note that the maximum amplitude of the current never exceeds the permissible limit valuerecommended by the manufacturer (I max = 1.2 A). We can say that with this model, the stabilization process of the magnetron current is completely recovered. 
Conclusion
In this article, a new original model able to represent the best possible characteristics of saturation of a new three-phase transformer with magnetic shunts, not yet so far modeled or made, was concluded.
After the dimensioning of its new three-phase flux leakage transformer, the observation of the correct functioning of various branches of the circuit power was successful.
At the end of simulation with EMTP code, the regulation process current in each magnetron and flow rate of full microwave power was verified. This preserves the protection of all magnetrons against any change in the input voltage of the three-phase power supply network.
The results confirm that there are no interactions between the three magnetrons. The failure of one or more magnetrons does not affect the operation of other powered magnetrons. As perspectives, this study can be extended without any problems in case of operation of the new power supply for N > 1 magnetrons per phase in nominal scale.
